Introduction
============

Nanoparticles (NPs) are natural or manufactured materials that have at least one dimension \<100 nm. They can be synthesized from a variety of materials and methods, and usually have a crystalline structure. The small size of nanomaterials is comparable to naturally occurring proteins and other molecules found in cells, and this can facilitate interactions with biomolecules which potentially alter cell function. The reduction to the nanoscale is sometimes accompanied by unique physical, chemical, and biological properties.[@b1-nsa-9-029] Metal oxide NPs, which are increasingly being used in industrial applications including electronics and cosmetics, are also being considered for use in biological applications.[@b2-nsa-9-029],[@b3-nsa-9-029] However, the inherent cytotoxicity of ZnO NPs against certain human cells reported in vitro[@b4-nsa-9-029],[@b5-nsa-9-029] has raised some concerns regarding their potential health hazards, including occupational or incidental exposure.[@b6-nsa-9-029] On the other hand, their inherent cytotoxicity can represent a desirable quality if it can be tailored to be specific against pathogenic cells. Indeed, recent studies have shown that ZnO NPs exhibit cytotoxicity against cancerous cells at concentrations producing negligible effects on normal cells of the same lineage.[@b4-nsa-9-029],[@b7-nsa-9-029],[@b8-nsa-9-029] These findings suggest that if ZnO NP cancer cell selectivity can be further improved, they could potentially be used in cancer treatment.

The unique properties of NPs are believed to be dependent on their physicochemical characteristics.[@b1-nsa-9-029] For example, ZnO NPs are cytotoxic, whereas their bulk counterparts are not,[@b7-nsa-9-029],[@b9-nsa-9-029] and their cytotoxicity is further improved with a decrease in NP size.[@b9-nsa-9-029]--[@b11-nsa-9-029] One possible approach to improve the selective cancer cell killing is to modulate NP surface characteristics to better promote electrostatic interactions with cancerous cells. With regard to this goal, it is important to note that eukaryotic cell membranes are typically negatively charged[@b12-nsa-9-029] and likely to interact with positively charged NPs, and that cancerous cells can overexpress negatively charged phospholipids on their cell membranes relative to normal cells,[@b13-nsa-9-029]--[@b15-nsa-9-029] thus being even more likely to interact with positive NPs. Thus, it is possible that alterations in NP surface charge could affect their inherent selectivity against cancerous cells. One way to modulate NPs charge is by coating their surface with molecules such as polyacrylic acid (PAA), or dextran carboxyl (−COOH) or amine (NH~2~) groups.[@b16-nsa-9-029],[@b17-nsa-9-029] In the present study, ZnO NPs were coated with increasing amounts of PAA, which bear a negative charge at physiological pH,[@b18-nsa-9-029] and the effects of ZnO NP charge on cancer cytotoxicity and potential mechanisms of action investigated.

The most well-studied mechanism of action of ZnO NPs to date is the generation of reactive oxygen species (ROS).[@b19-nsa-9-029] ROS are naturally produced during cell metabolism, and their concentration is tightly controlled by cellular antioxidant systems (eg, glutathione \[GSH\], superoxide dismutase, cata-lase). These components of the cell's antioxidant system are important for normal cell function, and physiological levels of ROS can act as second messengers and activators of cellular pathways.[@b20-nsa-9-029] In contrast, excessive ROS can damage biomole-cules resulting in the activation of apoptotic signals.[@b21-nsa-9-029],[@b22-nsa-9-029] A better understanding of the underlying mechanisms of NP-induced ROS will allow for rational engineering of NPs that provide the greatest therapeutic benefit with minimum undesirable effects.

Another goal of the current study is to expand our knowledge regarding the biological responses of cells following concurrent exposure to NPs of different material systems. For example, CeO~2~ and ZnO NPs can be found in the same environment (eg, industrial settings combining welding and fuel additives) increasing the chance of concurrent human exposure to these materials. CeO~2~ NPs have been reported to lack appreciable cytotoxicity,[@b16-nsa-9-029] and have been shown to scavenge ROS.[@b23-nsa-9-029]--[@b25-nsa-9-029] In contrast, ZnO NPs have been shown to generate ROS and display appreciable toxicity.[@b7-nsa-9-029],[@b21-nsa-9-029],[@b26-nsa-9-029],[@b27-nsa-9-029] In this study, we examine the combined cytotoxic effects of CeO~2~ and ZnO NPs with respect to alterations in particle surface and ROS-scavenging properties of CeO~2~ particles. The overarching goal of this study is to determine the extent to which ZnO NP electrostatic properties modulate selective toxicity against cancer cells and mechanisms of action.

Materials and methods
=====================

Preparation and characterization of ZnO NPs
-------------------------------------------

ZnO NPs were synthesized using a modified forced-hydrolysis method.[@b7-nsa-9-029],[@b28-nsa-9-029],[@b29-nsa-9-029] In brief, 2 g of Zn(Ac)~2~⋅2H~2~O, PAA (molecular weight \[MW\] =1,800 Da, 0--60 mg), and 100 mL of diethylene glycol were sequentially added into a flask with a stopper. The system was heated at 180°C in an oil bath under magnetic stirring for 30 minutes. After cooling, the resulting product was washed with ethanol and water several times via centrifugation and sonication before drying for 24 hours at 50°C, resulting in a powder sample. The powdered samples were dispersed in nanopure water to prepare 5 mM aqueous solutions for measuring zeta potential (ZP) and hydrodynamic size with a Zetasizer NanoZS (Malvern Instruments, Malvern, UK) unit. The temperature was equilibrated to 25°C prior to collecting the data. At least eight data collections per run were performed on three separate aliquots of the ZnO NP suspension for each sample. For cellular studies, the powdered NP samples were reconstituted in phosphate-buffered saline (PBS) solution to obtain the desired stock concentration. After reconstitution, NPs were sonicated for 30 minutes and immediately vortexed prior to addition to cell cultures.

X-ray diffraction
-----------------

X-ray diffraction (XRD) studies were performed to determine NP purity. Spectra were recorded at room temperature on a Philips X'Pert X-ray diffractometer with a Cu K~α~ source (*λ*=1.5418 Å) in Bragg--Brentano geometry. The loose powder samples were leveled in the sample holder to ensure a smooth surface and mounted on a fixed horizontal sample plane. Data analyses were carried out using profile fits of select individual XRD peaks.

Transmission electron microscopy
--------------------------------

High-resolution transmission electron microscopy analysis was performed to determine NP size, shape, and size distribution. Analysis was carried out on a JEM-2100HR (JEOL, Tokyo, Japan) microscope with a specified point-to-point resolution of 0.23 nm. The operating voltage of the microscope was 200 kV. Image processing was performed using the DigitalMicrograph^®^ software from Gatan (Pleasanton, CA, USA).

X-ray photoelectron spectroscopy
--------------------------------

X-ray photoelectron spectroscopy (XPS) studies were used to analyze the chemical composition of samples. The powder samples were dispersed onto Si wafers for collecting XPS spectra on a Versaprobe spectrometer (Physical Electronics, Chanhassen, MN, USA), which uses a raster-scanned micro-focused monochromatic Al K~α~ X-ray (1,486.7 eV) source. The X-ray beam used was a 25 W, 100 µm diameter beam to probe a single sample point, with incident along the sample normal, and the analyzer was at 45° off-normal. The high-energy resolution spectra were collected using a pass energy of 23.5 eV capable of full width at half maximum of better than 0.75 eV for Ag 3d~5/2~. The binding energy scale was calibrated using the Cu 2p~3/2~ feature at 932.67±0.05 eV and Au 4f at 84.0±0.05 eV measured on freshly sputter-cleaned thin films. To minimize sample charging, neutralization was handled by irradiation with low-energy electrons and Ar^+^ ions. The binding energy scales of the high-resolution spectra shown in this study have been shifted referencing the C 1s peak at 284.8 eV.

NP sedimentation studies
------------------------

To evaluate the sedimentation behavior of the NPs under conditions used for cellular toxicity assays, 25 mM NP stock solutions were prepared in PBS as previously described and then introduced at a concentration of 0.3 mM into complete cellular media and vortexed for 30 seconds. The room temperature experiments were performed using a CARY^®^ 5000 spectrophotometer. Changes in the maximum optical absorbance intensity (*λ*~max~≈378 nm) were depicted relative to the initial absorbance intensity.

Synthesis of ceria NPs
----------------------

Ceria NPs were prepared by a forced-hydrolysis process using cerium dissolved along with lithium hydroxide in ethanol, heated to 70°C in a silicon oil bath, and held while stirring for 90 minutes. After heating, the solution was mixed with *n*-heptane to facilitate crystal growth, and allowed to rest for 20--24 hours. The ZP of the CeO~2~ NPs was controlled by using different ceria precursors in the reaction solution including cerium (III) chloride (−35 mV), cerium (III) nitrate (−9.7 mV), and cerium (IV) ammonium nitrate (9.3 mV). The resulting precipitate was centrifuged out and washed in ethanol to remove any remaining precursor, and twice washed in nanopure water to remove any residual hydroxide and ethanol. The final product was dried in an oven at 50°C. CeO~2~ NPs were thoroughly characterized using all the techniques described for ZnO NPs.

Cell culture
------------

Written informed consent was obtained from all blood donors, and the Boise State University institutional review board approved this study. Peripheral blood mononuclear cells were obtained by Ficoll-Hypaque (Histopaque-1077; Sigma, St Louis, MO, USA) gradient centrifugation using heparinized phlebotomy samples.[@b7-nsa-9-029] Cells were washed three times with Hank's buffer (Sigma) and incubated at 1×10^6^ cells/mL in Roswell Park Memorial Institute (RPMI)-1640 (Sigma) containing 10% fetal bovine serum (FBS). CD4^+^ T cells were obtained by negative immunomagnetic selection per manufacturer's instructions using a cocktail of antibodies against CD45RO, CD8, CD19, CD14, CD16, CD56, and glycophorin A (Stemcell Technologies, Vancouver, BC, Canada) with collection of unlabeled T cells (typically \>96% purity as assessed by flow cytometry). Purified CD4^+^ T cells were cultured in RPMI-1640/10% FBS at 1×10^6^ cells/mL in 200 µL total volume in 96-well microtiter plates. The Jurkat and Hut-78 T cell lines (ATCC, Manassas, VA, USA) were cultured in RPMI-1640 supplemented with 10% FBS and 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES, and 1.0 mM sodium pyruvate. Cells were maintained in log phase at 37°C and 5% CO~2~, and seeded at 1×10^5^ cells/well in 96-well microtiter plates for individual experiments.

Cell viability
--------------

Cell viability was determined by flow cytometry and propidium iodide (PI) staining. Cells were identified using fluorescent antibodies against surface markers; cancer T cells were stained with HLA-ABC-FITC (BD Biosciences, San Jose, CA, USA), and primary T cells were stained with CD4-FITC antibodies (Immunotech; Beckman Coulter, Inc., Brea, CA, USA). Dead cells were stained positive for PI which is a cell membrane-impermeable red fluorescent nuclear stain. Following PI staining (50 µg/mL), fluorescent CountBright™ beads (Thermo Fisher Scientific, Waltham, MA, USA) were added to the samples to determine absolute cell numbers and quantify cell death. NPs were nonfluorescent and were excluded from the analysis by flow cytometric gating.

An alternate viability assay was used to verify experimental results and included either the alamar blue metabolic assay or the LIVE/DEAD^®^ viability/cytotoxicity assay for mammalian cells (Thermo Fisher Scientific). Alamar blue (resazurin), a fluorogenic/chromogenic indicator dye, is reduced to a fluorescent product (resorufin) by mitochondrial electron transport chain enzymes and cytoplasmic enzymes of metabolically active cells. Alamar blue (10% of total volume) dye was added to the samples for 4--6 hours, and changes in fluorescence were evaluated spectrophotometrically using excitation/emission at 530/590 nm in a Synergy MX^®^ plate reader (Biotek, Winooski, VT, USA). Viability was calculated as the percentage of untreated control samples.

For studies employing the dual-dye LIVE/DEAD^®^ viability assay, the cell-permeable calcein AM dye (green) is converted to the highly green fluorescent product calcein by cellular esterases, and the cell-impermeable ethidium homodimer-1 dye produces red fluorescence upon binding to nucleic acids. To determine the concentration at which 50% of the cells remain viable (IC~50~), cancerous and primary T cells were treated with various concentrations of differently charged ZnO NPs, and cell viability was determined by flow cytometry and PI staining.

For all assays used in this study, cell viability was plotted against the logarithm of NP concentration and the IC~50~ calculated by nonlinear regression analysis to fit a variable slope dose--response curve using GraphPad Prism^®^ (Graph-Pad Software, La Jolla, CA, USA).

NP uptake
---------

ZnO NP uptake was determined via inductively coupled plasma mass spectrometry (ICP-MS). The effect of ZnO NP charge on cellular uptake was determined using Jurkat cells treated with 0.15 mM of differently charged ZnO NPs for 8 hours. Cells were washed in PBS and then separated from extracellular NPs via positive immunomagnetic selection using an anti-HLA-ABC-FITC antibody per manufacturer's protocol (Stemcell Technologies) followed by extensive washing to remove unbound NPs. Recovered cells were counted (more than three times) using a hemocytometer (a minimum of 100 cells per field of view ± 9% variance), and 5×10^5^ cells/sample were washed in PBS and mechanically lysed with a probe-tip sonicator. Samples were subsequently treated with 10 N trace metal-grade HCl acid to ensure that all NPs were dissolved, and filtered using a 10 kDa MW cut-off Eppendorf filter (Sartorius Vivaspin^®^ 500) to remove cellular debris prior to analysis of free zinc ion content using ICP-MS. Control samples using NPs devoid of cells demonstrated that a sham immunomagnetic selection procedure did not significantly affect the zinc ion level in experimental samples relative to control medium.

Quantitative analyses of the solutions described earlier were performed on an XSeries 2 (Thermo Fisher Scientific, Waltham, MA, USA) quadrupole inductively-coupled plasma mass spectrometer under normal operating conditions (ie, no collision cell technology and *X*~t~ cone set) in the Boise State University Biotrace Laboratory. Instrument performance was evaluated and optimized for each run. The instrument was calibrated against single-element Zn solutions in 2% trace metal-grade HNO~3~ at concentrations of \~1, 10, and 100 ppb. Instrument drift was monitored and corrected using 20 ppb indium as an internal standard introduced online. An external check standard solution of \~10 ppb Zn was run prior to and after each set of unknowns as a secondary drift monitor.

NP dissolution
--------------

ZnO NP dissolution (occurring in intracellular or extracellular spaces) was determined using ICP-MS as described earlier. To determine the intracellular zinc concentration derived from NP dissolution occurring inside the cell, Jurkat cells were treated with 0.15 mM of differently charged ZnO NPs for 8 hours. Cells were counted as described earlier, and 5×10^5^ cells/sample washed in PBS and mechanically lysed. Intact NPs were subsequently removed from the cell lysate by high-speed centrifugation at 18,000× *g* for 30 minutes, followed by filtration using a 10 kDa MW cut-off Eppendorf filter (1 nm pore size) to remove intact NPs while allowing free zinc ions to pass through. The concentration of dissolved zinc ions in the filtrate was then quantitated via ICP-MS. Control experiments were performed to demonstrate that \>99% NP-derived zinc ions are recoverable using this methodology.

NP extracellular dissolution was determined after 24-hour incubation of 0.15 mM ZnO NP solutions in PBS at 37°C and 5% CO~2~. Solid phase NPs were removed from the solution as described earlier, and the zinc concentration was determined by ICP-MS.

ROS detection
-------------

Mitochondrial superoxide levels were determined by flow cytometry and MitoSOX™ Red staining (Thermo Fisher Scientific). MitoSOX™ Red is a cell-permeable dye that specifically targets mitochondria and becomes oxidized by interacting with superoxide. The fluorescent signal is a result of the binding of the oxidized dye to nucleic acids. Control samples were treated with 0.2 nM antimycin A, an inhibitor of mitochondrial electron transport complex III, to ensure that cells were capable of producing ROS. Cells were stained with fluorescent-labeled antibodies for cell identification (cancer cells were stained with anti-HLA-ABC-FITC; BD Biosciences), and primary cells with anti-CD4-FITC (Immunotech; Beckman Coulter, Inc.) and 5 µM MitoSOX™ Red for 30 minutes, and mitochondrial superoxide levels determined by flow cytometry (Epics XL; Coulter, Miami, FL, USA).

Measurement of GSH activity
---------------------------

GSH is an indicator of oxidative stress in the cell. Total GSH levels (reduced and oxidized) were determined using a GSH assay kit[@b31-nsa-9-029] (Sigma-Aldrich, St Louis, MO, USA). Briefly, GSH was measured using a kinetic assay where GSH is oxidized to GSSG while catalyzing the conversion of 5,5′-dithiobis(2-nitrobenzoic acid) to thionitrobenzoic acid, which absorbs light at 412 nm. To detect the oxidized form, GSH reductase is added to the reaction mixture to allow the conversion of GSSG to GSH, which causes a continued substrate reduction. A standard curve was used to translate optical density values into GSH concentration.

Concurrent exposure to CeO~2~ and ZnO NPs
-----------------------------------------

Jurkat cells were concurrently treated with varying concentrations of CeO~2~ NPs ± 0.25 mM ZnO NPs, and cell viability or superoxide anion generation was determined 24 hours later as described earlier using flow cytometry and PI staining or MitoSOX™ Red staining, respectively.

Statistical analysis
--------------------

Data were analyzed using SAS version 9.1 software (SAS Institute, Cary, NC, USA). The IC~50~ values shown in [Table 2](#t2-nsa-9-029){ref-type="table"} were calculated using GraphPad Prism^®^ (GraphPad Software) and nonlinear regression, and the IC~50~ values for differently charged ZnO NPs were compared using GraphPad Prism^®^ and one-way analysis of variance (ANOVA). Results were analyzed using ANOVA and post hoc comparisons. Significance levels were defined as *P*\<0.05. Correlation between NP cytotoxicity and NP size and dissolution was performed using Microsoft Excel and linear regression analysis.

Results
=======

Given reports that eukaryotic cancer cell membranes possess a preponderance of negatively charged phospholipids compared to the relative abundance of neutral-charged zwitterionic phospholipids on normal cell membranes,[@b13-nsa-9-029],[@b15-nsa-9-029],[@b32-nsa-9-029] we hypothesized that the inherent cytotoxicity of ZnO NPs could be enhanced by modulating surface electrostatic properties. For these studies, size-controlled ZnO NPs (8 nm) with +44, −9, and −30 mV surface charge were synthesized by coating their surface with increasing amounts of biocom-patible PAA.[@b33-nsa-9-029] As shown in [Table 1](#t1-nsa-9-029){ref-type="table"}, ZP measurements were performed to confirm the systematic variation of the surface charge of ZnO NPs. As an n-type semiconductor, the Fermi level of ZnO NPs is typically higher than that in an intrinsic semiconductor, and this allows for electrons to be easily transferred from ZnO NPs into the surrounding solution, leading to positive surface charge for the NPs.[@b34-nsa-9-029] As expected, the pure (uncoated) ZnO sample synthesized for these studies displayed a high-positive ZP of +44.2 mV ([Table 1](#t1-nsa-9-029){ref-type="table"}). In a water solution at neutral pH, many of the side chains of PAA will lose their protons and acquire a negative charge. This makes PAA an ideal surfactant to change the surface charge from positive to negative. As seen in [Table 1](#t1-nsa-9-029){ref-type="table"}, with increasing PAA from 0 to 60 mg, the surface charge of the ZnO NPs is continuously modified from highly positive (ZP of +44.2 mV) to highly negative values (ZP of −30.9 mV). It should be noted that all the ZnO aqueous solutions (5 mM) for the ZP measurements are weakly basic with a pH value of 7.6, well within the favorable range for most biological assays.

As shown by the XRD patterns in [Figure 1](#f1-nsa-9-029){ref-type="fig"}, all the samples with different surface charges have the same pure wurtzite ZnO phase (P6~3~mc, lattice parameters *a*=0.325 nm, *c*=0.456 nm). Coating the NPs with increasing amounts of PAA did not cause any noticeable change in the lattice parameters, suggesting that the PAA coating did not modify the crystal structure appreciably. The average crystallite size of the ZnO NPs, estimated using the Scherrer formula,[@b35-nsa-9-029] was 8.5±0.3 nm, and differences in the PAA amounts and surface charges did not vary the size appreciably. The corresponding transmission electron microscopy images ([Figure 2](#f2-nsa-9-029){ref-type="fig"}) show that NP samples are dominated by the semi-spheres with narrow size distribution centering around 8.3--8.9 nm, which agrees well with the XRD results and further confirms that the crystallite size is independent of surface PAA layers.

Additional NP characterization was performed using XPS spectral analysis to further analyze the chemical composition of the samples. This technique has exceptional ability to probe the top few nanometers of the NP surface structure. As shown in [Figure 3](#f3-nsa-9-029){ref-type="fig"}, only Zn, O, and C peaks were observed in the samples, confirming that all the ZnO NP samples prepared for this work consist of pure ZnO chemical phase, which is in agreement with XRD results. It should be noted that the carbon component of the most positive ZnO sample made without PAA should arise from the absorbed carbon from the air, and it is generally unavoidable for the XPS measurement. With the surface charge changing from +44.2 to −30.9 mV, the atomic ratio of carbon to zinc in the samples estimated from the XPS data increases from 0.166 to 0.367, again showing that the amount of PAA on the NP surface is systematically increasing. This is also in agreement with the amount of PAA used in the synthesis reaction to modify the surface charge ([Table 1](#t1-nsa-9-029){ref-type="table"}).

The effect of ZnO NP charge on NP cytotoxicity against cancerous (Jurkat leukemia and Hut-78 lymphoma cells) and normal primary T cells was assessed using flow cytometry and the alamar blue metabolic assay. Primary CD4^+^ T cells were isolated from peripheral blood of healthy volunteers by negative immunomagnetic selection, and compared to CD4^+^ leukemia or lymphoma cells. As shown in [Figure 4](#f4-nsa-9-029){ref-type="fig"}, negatively charged ZnO NPs (−30 and −9 mV) exhibited greater cytotoxicity compared to positively charged ZnO NPs (+44 mV) in both primary T cells (A and B) and Jurkat leukemic T cells (C and D). Although there was a similar trend in Hut-78 T lymphoma cells, statistical significance was not achieved in this case (E and F).

These data show that NP charge can affect cytotoxicity, with most pronounced differences being observed in noncancerous cells compared to their transformed counterparts of identical lineage. As summarized in [Table 2](#t2-nsa-9-029){ref-type="table"}, negatively charged NPs show only an \~3.5- to 3.7-fold difference in cell selectivity (Jurkat leukemia T cells vs primary T cells), while positively charged +44 mV NPs produce a heightened selectivity against cancerous Jurkat cells (\~9.3-fold). Both negatively charged ZnO NPs are significantly more cytotoxic compared to positively charged NPs, with −30 mV NPs being significantly more cytotoxic than −9 mV (in Jurkat and primary T cells only).

The somewhat unexpected finding that positively charged NPs display the least amount of cancer cell cytotoxicity despite their preponderance of negatively charged phos-pholipids on cell membranes[@b13-nsa-9-029],[@b15-nsa-9-029],[@b32-nsa-9-029] indicates that factors in addition to electrostatic interactions appear to be involved in the cytotoxic mechanism. Subsequent studies were performed to determine the extent to which NP charge affects particle uptake. For these experiments, the amount of Zn ions derived from NPs taken up by cells was determined using a protocol involving immunomagnetic selection to exclude extracellular NPs and ICP-MS to determine the intracellular Zn ion concentration. As shown in [Figure 5](#f5-nsa-9-029){ref-type="fig"}, only modest levels of NP uptake were observed regardless of the particle charge. The −30 mV NP showed the lowest level of uptake, while the −9 and +44 mV NP samples did not significantly differ. A positive control sample (figure inset) of intact ZnO NP demonstrated that essentially 100% of the zinc ions are recoverable using this methodology.

Additional studies were performed to determine the extent to which ZnO NPs dissolve in either intracellular or extracellular environments. In the first series of experiments, the concentration of intracellular zinc derived from NP dissolution occurring inside the cell was determined ([Figure 6A](#f6-nsa-9-029){ref-type="fig"}). A charge-dependent increase in intracellular zinc was observed where cells exposed to +44 mV NP had significantly higher concentrations of intracellular zinc compared to untreated cells or cells exposed to either −30 or −9 mV NPs. The intracellular zinc concentration detected in untreated cells is consistent with reported data.[@b36-nsa-9-029],[@b37-nsa-9-029]

The second series of experiments evaluated the extent to which the differently charged ZnO NPs dissolved extracellularly. As shown in [Figure 6B](#f6-nsa-9-029){ref-type="fig"}, incubation of NPs in cell-free medium resulted in significant dissolution and release of free zinc ions with the +44 mV NPs again showing significantly more dissolution than −9 mV NPs, which dissolved more than −30 mV NPs. Thus, both the extracellular dissolution of ZnO NP and the intracellular dissolution of ZnO NPs follow the same relative pattern. Taken together with the cytotoxicity results shown in [Figure 4](#f4-nsa-9-029){ref-type="fig"}, NP dissolution shows an inverse correlation with cytotoxicity profiles suggesting that the NPs that dissolve most readily (either intracellularly or extracellularly) are less cytotoxic (*R*^2^~\[intracellular\ zinc\]~ =0.99, *R*^2^~\[extracellular\ zinc\]~ =0.89).

When considering mechanisms of action of differently charged NPs, it is important to note that the presence of the PAA coating on the surface of negatively charged NPs may affect their dispersion in aqueous solutions.[@b38-nsa-9-029] Experiments addressed this possibility by evaluating the relationship between increasing amounts of PAA coating and particle sedimentation and hydrodynamic size. A decrease in interparticle repulsive forces results in particle--particle interaction and formation of NP agglomerates that sediment out of solution. Hydrodynamic size refers to the size of these agglomerates, including the water molecules that are attracted to the particle's surface. NP sedimentation was measured spectrophotometrically as the decrease in optical density. As shown in [Figure 7A](#f7-nsa-9-029){ref-type="fig"}, the +44 mV NPs sediment the fastest, followed by −9 mV, with the −30 mV particles staying in solution the longest. Interestingly, this pattern mimics the cytotoxicity data shown in [Figure 4](#f4-nsa-9-029){ref-type="fig"}, indicating that the particles that stay in solution the longest have the greatest toxicity.

The data shown in [Figure 7B](#f7-nsa-9-029){ref-type="fig"} show that the hydrodynamic size of the NPs inversely correlates with cytotoxicity profiles. Particles with the smallest hydrodynamic size (−30 mV \< −9 mV \< +44 mV) display the greatest cytotoxicity (−30 mV \< −9 mV \< +44 mV).

Previous studies demonstrated that ZnO NPs can promote the induction of ROS, and cause an increase in mitochondrial superoxide levels and a loss of mitochondrial cell membrane potential.[@b2-nsa-9-029],[@b11-nsa-9-029],[@b21-nsa-9-029],[@b39-nsa-9-029] In this study, we examined the extent to which differently charged ZnO NPs affect mitochondrial super-oxide production in cancerous and primary T cells, using flow cytometry and MitoSOX™ Red staining. MitoSOX™ Red is targeted to the cell's mitochondria and upon oxidation by superoxide yields red fluorescence (excitation/emission 510/580 nm). [Figure 8](#f8-nsa-9-029){ref-type="fig"} shows that all of the NPs used in this study were capable of inducing mitochondrial superoxide in a time- and concentration-dependent manner. In particular, negatively charged NPs were capable of inducing signifi-cantly higher levels compared to positively charged NPs in all cell types tested (albeit not at all lower NP concentrations or time points). Overall, these results are consistent with the cytotoxicity data presented in [Figure 4](#f4-nsa-9-029){ref-type="fig"}, with the more cytotoxic NPs inducing higher levels of mitochondrial superoxide.

These findings were validated using fluorescent microscopy. Representative images shown in [Figure 9](#f9-nsa-9-029){ref-type="fig"} demonstrate that more than twice as many T cells stained positive for MitoSOX™ Red when exposed to negatively charged NPs versus positively charged particles.

So far, little is known regarding how ZnO NPs cause generation of ROS. As semiconductors, they have valence electrons on their surface and oxygen vacancies that enable them to participate in redox reactions and damage cell membranes, proteins, lipids, and enzymes.[@b2-nsa-9-029],[@b40-nsa-9-029] The observed elevation in ROS following NP exposure could be a result of inactivation of cellular antioxidant defense mechanisms, activation of oxidative stress pathways, or direct damage of proteins, membranes, and organelles. Experiments were performed to assess whether the less cytotoxic NPs caused an increase in GSH that protected cells from NP-induced cell death. Jurkat cells were exposed to various concentrations of ZnO NPs, and total GSH levels determined using a kinetic assay. As shown in [Figure 10](#f10-nsa-9-029){ref-type="fig"}, none of the differently charged ZnO NPs produced a significant effect on GSH levels at 6 hours. However, a modest yet significant difference was observed between the +44 mV and negatively charged NPs at 18 hours of treatment but only at the highest concentration tested. The decrease in GSH at 18-hour exposure relative to baseline for negatively charged NPs could indicate that cells were in the early stages of cell death.[@b40-nsa-9-029] Overall, these findings indicate that differential activation of GSH by differently charged NPs is not a major component of the toxicity mechanism.

The last series of experiments evaluated the combined effects of different types of NPs that are found in common environmental settings. For example, CeO~2~ NPs are found in fuel additives, and ZnO NPs are produced by welding fumes in industrial settings,[@b41-nsa-9-029] potentially increasing the risk of concurrent human exposure. Experiments were performed to determine the effect of variously charged ZnO (−30, −9, and +44 mV) and CeO~2~ NPs (−35 mV; [Table 3](#t3-nsa-9-029){ref-type="table"}) on cancer T cell viability when acting alone or in combination. CeO~2~ NPs did not show any significant cytotoxicity in Jurkat cells at concentrations as high as 1.5 mM ([Figure 11A](#f11-nsa-9-029){ref-type="fig"}). Concurrent exposure of Jurkat cells to CeO~2~ NPs and ZnO NPs showed a protective effect against negatively charged ZnO NP-induced cell death ([Figure 11B](#f11-nsa-9-029){ref-type="fig"}). Interestingly, the anionic CeO~2~ NPs failed to have an appreciable effect on positively charged ZnO NP-induced cytotoxicity. This is possibly due to favorable attractive forces between the two particle types that interfere with particle adsorption onto cell membranes.

Given that CeO~2~ NPs have been reported to have ROS-quenching activities,[@b23-nsa-9-029],[@b42-nsa-9-029] additional studies were performed to demonstrate that the protective effects of CeO~2~ NP against ZnO NP-induced cell death are associated with antioxidant effects. As shown in [Figure 12](#f12-nsa-9-029){ref-type="fig"}, all three of the differently charged CeO~2~ NPs (−35, −10, +9 mV) provided a significant level of reduction in ZnO NP-induced mitochondrial superoxide production. The results strongly suggest that the ability of CeO~2~ NPs to protect against ZnO NP toxicity is due to the antioxidant properties of the nanoceria, and that the protective effect can occur regardless of the charge of the CeO~2~ particle.

Discussion
==========

The unique properties of nanomaterials hold promise for providing new tools for biological and technology-driven applications. One of the key properties of NPs, by definition, is their small size. This exposes more molecules on the surface, thereby increasing the available surface area for interactions with biomolecules. This is of relevance for biomedical applications where improved approaches for drug targeting and drug delivery are needed. While several nanomaterial-based drugs such as Abraxane^®^ and Doxil^®^ are already on the market,[@b2-nsa-9-029],[@b43-nsa-9-029] toxicity issues of NPs remain of concern.[@b1-nsa-9-029] Thus, studies aimed at reducing undesirable toxicity of ZnO NPs against normal body tissues, while exploiting their reported inherent toxicity against cancerous cells,[@b2-nsa-9-029],[@b4-nsa-9-029],[@b7-nsa-9-029],[@b8-nsa-9-029],[@b44-nsa-9-029] are of interest.

It is generally recognized that NP properties depend on their physicochemical characteristics such as size, chemical composition, and surface charge.[@b2-nsa-9-029],[@b45-nsa-9-029] This allows for the possibility of engineering ZnO NPs in such a way as to enhance their inherent cytotoxicity against cancerous cells. Recent studies provide evidence for ZnO NP size-dependent cytotoxicity,[@b11-nsa-9-029],[@b45-nsa-9-029] but data on the effect of surface charge on ZnO NP preferential cytotoxicity remain controversial.[@b30-nsa-9-029],[@b46-nsa-9-029],[@b47-nsa-9-029] The purpose of this study is to increase our knowledge regarding the effects that electrostatic properties have on ZnO NP cytotoxicity in cancerous and primary T cells.

Results suggest that while NP surface charge can contribute to NP-mediated cytotoxicity, it is not the only mechanism involved. Contrary to our initial hypothesis based on attractive interactions between charged NPs and anionic eukaryotic cell membranes,[@b13-nsa-9-029],[@b32-nsa-9-029] negatively charged ZnO NPs were shown to produce the highest level of cytotoxicity (−30 mV \> −9 mV\> +44 mV NPs; [Figure 4](#f4-nsa-9-029){ref-type="fig"}). Additional experiments revealed that other factors contributing to cytotoxicity include the degree to which NPs aggregate and dissolve into free zinc ions. There was a strong correlation for the least cytotoxic NPs (ie, −44 mV \> −9 mV \> −30 mV) to have the largest hydrodynamic size (*R*^2^=0.96) and exhibit the greatest degree of aggregation in aqueous solution ([Figure 7](#f7-nsa-9-029){ref-type="fig"}). In addition, the intracellular (*R*^2^=0.99) and extracellular (*R*^2^=0.89) zinc concentration derived from NP dissolution also exhibited an inverse correlation with NP cytotoxicity ([Figure 6](#f6-nsa-9-029){ref-type="fig"}).

It is of interest to note that the ability of NPs to induce mitochondrial superoxide production also followed the same trend as NP cytotoxicity, with the negatively charged NPs showing the greatest induction of ROS compared to positively charged NPs ([Figures 8](#f8-nsa-9-029){ref-type="fig"} and [9](#f9-nsa-9-029){ref-type="fig"}). In contrast, intracellular particle uptake did not appear to be a major contributor to the cytotoxicity but rather to the maintenance of intact particles, and those with a lesser propensity to sediment in solution ([Figures 5](#f5-nsa-9-029){ref-type="fig"}[](#f6-nsa-9-029){ref-type="fig"}--[7](#f7-nsa-9-029){ref-type="fig"}). Thus, it is possible that NP-mediated induction of ROS may occur at or near the cell surface and simply requires the presence of intact particles rather than appreciable NP uptake. Alternatively, it is possible that the sampling times used in our uptake studies did not encompass the optimal time frame for particle uptake. Nevertheless, our results demonstrate that the mechanism(s) controlling NP cytotoxicity are multifactorial and likely interrelated with a variety of physical parameters including electrostatics, particle stability, agglomeration, and ability to induce ROS.

One of the goals of this study was to determine if modulating NP surface charge could affect the cancer cell-killing ability of ZnO NPs. Our results show that NP surface charge does affect the differential cytotoxicity against cancer cells. In particular, ZnO NPs with negative surface charge (−9 and −30 mV) exhibit a lower IC~50~ compared to more positively charged NPs (+44 mV) in both cancerous Jurkat and primary T cells. We also observed that NPs with negative surface charge have a narrower NP concentration range for inducing cancer cell death while sparing normal cells (\~3.7- and \~3.5-fold difference in IC~50~ values, respectively; [Table 2](#t2-nsa-9-029){ref-type="table"}). In contrast, positively charged NPs are less cytotoxic but provide a wider NP concentration range for preferentially inducing cancer cell death (\~9.3-fold difference in IC~50~ values; [Table 2](#t2-nsa-9-029){ref-type="table"}). Although these results suggest that positively charged NPs may be better candidates for use in cancer treatment, their rapid clearance from the circulation by the reticuloendothelial system may prevent cationic NPs from reaching their target site[@b48-nsa-9-029] and is an important consideration. Future studies are needed to identify the optimal balance between NP cytotoxicity, NP charge, and in vivo circulation time for potential use in biological applications.

The molecular basis for the greater cancer cell selectively of cationic ZnO NPs is presently unknown. However, it is recognized that cancer cell membranes possess a relative preponderance of negatively charged phospholipids,[@b12-nsa-9-029],[@b15-nsa-9-029],[@b32-nsa-9-029] which is expected to facilitate the adhesion of cationic NPs involving electrostatic interaction. We propose this as a primary mechanism accounting for the greater selectivity of cationic NPs in killing cancerous cells. However, other physical characteristics of the cationic NPs lead to an overall reduced toxicity in both cancerous and normal cells. These include the propensity of cationic ZnO NPs to more readily dissolve in both intracellular and extracellular spaces, and to aggregate and sediment at faster rates than anionic ZnO NPs. These properties act to reduce the overall bioavailabilty of cationic NPs for cellular uptake, which can explain their lower toxicity profile in both cancerous and normal cells.

In contrast, anionic ZnO NPs were found to be more toxic to both cancerous and normal cells, yet display less cancer cell selectivity. We postulate that their different cytotoxicity profile reflects their greater bioavailability for uptake into the cells, as well as an altered process for membrane bioadhesion and/or uptake. While cell membranes contain comparatively scarcer cationic sites, these regions have been reported to facilitate the adsorption of other types of anionic NPs which then form clusters due to their repulsive interactions with the large negatively charged domains of the cell membrane.[@b30-nsa-9-029],[@b49-nsa-9-029] The NPs already bound to the membrane then result in a reduced charge density which may favor aggregation with other free NPs. Although the precise mechanism remains unclear, the end result is uptake of anionic NPs, which occurs at a similar extent in both cancerous and normal cells. Because anionic ZnO NPs remain as individual intact particles by dissolving less and staying in solution longer, this contributes to their greater bioavailability and increased toxicity to both cancerous and normal cells. As a consequence, the selectivity of anionic NP against cancerous cells is lessened, but some degree of selectivity remains due to the lower level of ROS generated in quiescent normal cells compared to rapidly dividing cancer cells.

Previous studies have indicated that the preferential cancer cell cytotoxicity of ZnO NPs is likely related to the proliferative potential of the cell.[@b7-nsa-9-029],[@b11-nsa-9-029],[@b22-nsa-9-029] Consistent with these reports, we found that cancerous T cells (\~48- to 65-hour doub ling time) had greater susceptibility to all of the ZnO NPs used in our study compared to the nonproliferative resting primary T cells. However, one of the unexpected findings in our study was that Jurkat and Hut-78 cells have very different cytotoxicity profiles to charged NPs despite their similar doubling times. This suggests that other factors, in addition to the cell's proliferation potential, must be involved. Although the exact basis for this difference is presently unknown, it is recognized that Hut-78 cells constitutively express high levels of the NF-kB inhibitor, IkB-α, whereas Jurkat cells express normal levels of this transcriptional regulator.[@b50-nsa-9-029] This may be relevant given that expression of activated NF-kB is implicated in the threetier oxidative stress model described to explain the ZnO NP cytotoxicity,[@b19-nsa-9-029] although direct manipulation of the NF-kB signaling pathway is required to verify its direct involvement in NP susceptibility.

Data presented here indicate that the characteristics of the most highly cytotoxic NPs evaluated in this study are anionic charge, lower aggregation and sedimentation profiles, lower extracellular and intracellular dissolution profiles, and an increased ability to induce ROS production. These combined characteristics suggest that ROS production facilitated by intact NPs at or near the cell surface is a key consideration for highly cytotoxic NPs, and that dissolution into free zinc ions is of considerably lesser importance. This is consistent with reported findings that NP-induced cytotoxicity requires NP contact with cells but is independent from the concentration of free zinc ions.[@b51-nsa-9-029] However, other studies report that dissolution of ZnO NPs into free zinc ions is a major component of cytotoxicity.[@b8-nsa-9-029],[@b21-nsa-9-029] It is important to note, however, that the ZnO NPs used in those studies were produced using different synthesis methods than the particles described in this study and may display markedly different dissolution profiles and use a different cytotoxicity mechanism. Regardless, our observation that coating the ZnO NP surface with polyelectrolytes such as PAA improves particle dispersion is a relevant finding for biological applications where NP aggregation should be minimized.

The importance of ZnO NPs structure in their cytotox-icity is likely due to the presence of oxygen vacancies and electrons/holes on the surface which facilitates redox reactions leading to ROS generation.[@b40-nsa-9-029],[@b52-nsa-9-029] To provide a better understanding of the ZnO NP mechanism of action, we examined the ability of differently charged ZnO NPs to generate intracellular ROS. ZnO NPs induce a time- and concentration- dependent increase in mitochondrial superoxide levels in all cells tested. The increase in ROS levels corresponds to NP cytotoxicity, with the negatively charged NPs (−30 and −9 mV) being the most toxic and able to generate higher levels of mitochondrial superoxide, compared to positively charged NPs (+44 mV) ([Figures 8](#f8-nsa-9-029){ref-type="fig"} and [9](#f9-nsa-9-029){ref-type="fig"}). The lower levels of ROS induced by cationic NPs could be due to faster aggregation, and the higher level of dissolution and loss of solid phase NPs. Data are consistent with ROS generation requiring intact NP interactions at or near the cell membrane.

To gain an improved understanding of how ZnO NPs cause an increase in intracellular ROS levels, experiments were performed to determine the effect of differently charged ZnO NPs on GSH, the smallest cellular thiol and major antioxidant in the cell.[@b53-nsa-9-029] In almost all cases, the differently charged ZnO NPs had no appreciable effect on GSH levels ([Figure 10](#f10-nsa-9-029){ref-type="fig"}), indicating that the ROS induction is unlikely to be due to charge-specific alterations in GSH. The lower levels of GSH observed at longer exposures to negatively charged NPs, however, likely reflect a greater proportion of dying cells[@b40-nsa-9-029],[@b54-nsa-9-029] induced by anionic NP vs cationic NP at these experimental conditions. Further examination of the anti oxidant cellular capacity and involvement of oxidative stress in ROS generation needs to be done in order to fully understand how ZnO NPs increase ROS production in cells.

While a large body of scientific literature describing the toxicity profiles and mechanism of action of single nanoma-terial systems is accumulating, relatively few studies have evaluated the combined effects of multiple nanomaterials. The increasing use of nanomaterials in a growing number of manufacturing applications increases the likelihood of occupational exposure to multiple nanomaterial types. For example, in industrial settings combining welding fumes and diesel exhaust, both ZnO and CeO~2~ NPs can be present. This underscores the need to understand and identify interactions between nanomaterials where occupational exposure may be relevant. Given this rationale, experiments were performed to determine the effect of ZnO NPs surface charge and their cytotoxic response in the presence of CeO~2~ NPs. Under concurrent exposure conditions, the cytotoxicity of negatively charged ZnO NPs was decreased ([Figure 11](#f11-nsa-9-029){ref-type="fig"}). In contrast, concurrent exposure to CeO~2~ and positively charged ZnO NPs had no effect on ZnO NP-induced cytotoxicity. These results suggest that CeO~2~ NP can protect cells from negatively charged ZnO NP-induced cytotoxicity. Additional experiments demonstrated that regardless of the charge of the CeO~2~ NP, a significant reduction in the level of mitochondrial superoxide was observed in cells co-treated with both CeO~2~ and ZnO NPs. These data are consistent with the reported antioxidant properties of CeO~2~.[@b24-nsa-9-029],[@b42-nsa-9-029],[@b55-nsa-9-029],[@b56-nsa-9-029] These results indicate that the protective effects of CeO~2~ against ZnO NP-induced cytotoxicity may be useful for protecting cells from unwanted cytotoxicity.

In general, the results presented in this study show that ZnO NP cytotoxicity is multifactorial with surface charge representing just one of the factors contributing to NP cytotoxicity. The positively charged ZnO NPs evaluated in this study appear to offer the greatest cancer cell selectivity, while other factors of these cationic particles may work to limit their use as anticancer agents, including their faster rate of aggregation and dissolution. On the other hand, the negatively charged ZnO NPs studied in this work offered lower cancer cell selectivity but had more desirable factors for potential therapeutic use such as a lower degree of dissolution and better dispersion properties. Future studies involving the fine-tuned engineering to produce smaller increments of NP charge are warranted to identify the optimal particle surface charge that offers the greatest degree of cancer cell selectivity while retaining desirable dissolution and aggregation profiles. Variations in ZnO NP surface charge did not induce any detectable effect on the NP mechanism of action, and all three differently charged ZnO NPs seem to mediate their effect through ROS production. In addition, variations in ZnO NP surface charge affect ZnO NP cytotoxicity in the presence of CeO~2~ NPs. In particular, CeO~2~ NPs can decrease negatively charged ZnO NP-induced cytotoxicity suggesting the possibility of sequential use of ZnO and CeO~2~ NPs in biological regimens to curtail unwanted ROS-induced injury of normal cells after desirable anticancer activities of ZnO NPs had occurred. Altogether, data presented in this study provide important information regarding the effect of NPs surface charge on their cytotoxicity and subsequently improve our understanding on how to better engineer ZnO NPs with desired properties.
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![XRD patterns of the samples with different surface charges.\
**Note:** The same peaks are observed in all ZnO NP samples indicating the presence of pure ZnO NPs in all three differently charged NP preparations.\
**Abbreviations:** XRD, X-ray diffraction; NP, nanoparticle.](nsa-9-029Fig1){#f1-nsa-9-029}

![TEM characterization of ZnO nanoparticles.\
**Note:** TEM images of selected samples with the (**A**) most positive (44.2 mV) and (**C**) most negative (−30.9 mV) surface charge; the corresponding size distribution plots are shown in (**B**) and (**D**), respectively.\
**Abbreviation:** TEM, transmission electron microscopy.](nsa-9-029Fig2){#f2-nsa-9-029}

![Survey XPS spectra of ZnO NP samples with different surface charges.\
**Notes:** Only Zn, O, and C peaks are observed in all of the samples, confirming that all the ZnO NP samples prepared for this work consist of pure ZnO chemical phase. The carbon peak in uncoated ZnO NPs is due to the absorbed carbon from the air, and it is generally unavoidable for the XPS measurement.\
**Abbreviations:** XPS, X-ray photoelectron spectroscopy; NPs, nanoparticles.](nsa-9-029Fig3){#f3-nsa-9-029}

![Cytotoxicity effects of differently charged ZnO NPs on cancerous and normal human CD4^+^ T cells.\
**Notes:** Immortalized Hut-78 cells and Jurkat T cells, or normal primary T cells were treated with varying concentrations of differently charged (−30, −9, and +44 mV) ZnO NPs for 24 hours, and cell viability was assessed using two independent assays. (**A**, **C**, and **E**) Flow cytometry and PI staining were used to determine cell viability in all cell types. Results were verified using a second assay; (**D** and **F**) the alamar blue metabolic assay was used for cancerous cell lines, and (**B**) the LIVE/DEAD^®^ assay used for normal primary T cells given their inherently low metabolic rate. (**A** and **B**) Cell death in primary T cells (n=3). (**C** and **D**) Cell death in Jurkat cells (n=4). (**E** and **F**) Cell death in Hut-78 cells (n=3 and n=4, respectively). For all figures, error bars depict standard error, and asterisks indicate statistical significance (*P*\<0.05) at common concentrations tested.\
**Abbreviations:** NP, nanoparticle; PI, propidium iodide.](nsa-9-029Fig4){#f4-nsa-9-029}

![Effects of NP charge on particle uptake.\
**Notes:** Jurkat cells were treated with 0.15 mM ZnO NPs for 8 hours, separated from extracellular NP via positive immunomagnetic selection, and intracellular Zn ion concentration from equivalent number of cells was determined using ICP-MS. (**A**) Data from three independent experiments are presented with error bars depicting standard error and asterisks denoting statistical significance (*P*\<0.05). Inset (**B**) depicts the percentage of zinc ions recovered using this assay from a sham sample of +44 mV ZnO NPs devoid of cells.\
**Abbreviations:** NP, nanoparticle; ICP-MS, inductively coupled plasma mass spectrometry.](nsa-9-029Fig5){#f5-nsa-9-029}

![Dissolution of ZnO NPs in intracellular and extracellular environments.\
**Notes:** (**A**) The intracellular zinc concentration occurring from NP dissolution inside the cell was determined by treating Jurkat cells with either −30, −9, and +44 mV ZnO NPs (0.15 mM) for 8 hours and intracellular zinc concentration determined by ICP-MS (n=3, means ± standard error). (**B**) The extracellular dissolution of NPs was determined after 24-hour incubation of ZnO NPs in PBS using ICP-MS (n=3, means ± standard error). Results were analyzed using one-way ANOVA and model-based means test. Asterisks denote statistical significance (*P*\<0.05).\
**Abbreviations:** NP, nanoparticle; ICP-MS, inductively coupled plasma mass spectrometry; PBS, phosphate-buffered saline; ANOVA, analysis of variance; NT, no treatment.](nsa-9-029Fig6){#f6-nsa-9-029}

![ZnO NP sedimentation and hydrodynamic size as a function of particle charge.\
**Notes:** (**A**) The sedimentation of differently charged ZnO NPs in culture medium (0.3 mM) was analyzed over time using optical absorbance at 378 nm. A representative scan is shown. (**B**) NP hydrodynamic size was determined using a Malvern Zetasizer Nano ZS unit (n=3, ± standard error). Asterisks denote significant difference (*P*\<0.05).\
**Abbreviation:** NP, nanoparticle.](nsa-9-029Fig7){#f7-nsa-9-029}

![Kinetics of mitochondrial superoxide generation by differently charged (−30, −9, and +44 mV) ZnO NPs at doses ranging from 0 to 6 mM.\
**Notes:** Mitochondrial superoxide generation was evaluated at 6, 18, and 24 hours using flow cytometry and MitoSOX™ Red staining. (**A**--**C**) Nanoparticle-induced mitochondrial superoxide levels in primary T cells over time (n=3). (**D**--**F**) Nanoparticle-induced mitochondrial superoxide levels in Jurkat cells over time (n=3). (**G**--**I**) Nanoparticle-induced mitochondrial superoxide levels in Hut-78 cells over time (n=3) (means ± standard error of the mean, n=3). Results were analyzed using three-way ANOVA, and statistical significance (*P*\<0.05) is denoted with asterisks (\*−30 vs +44 mV, \*\*−9 vs +44 mV, and \*\*\*−30 vs −9 mV).\
**Abbreviations:** NP, nanoparticle; ANOVA, analysis of variance.](nsa-9-029Fig8){#f8-nsa-9-029}

![Fluorescence microscopy images of MitoSOX™ Red-stained Jurkat cells exposed to differently charged (−30, −9, and +44 mV) ZnO NPs.\
**Notes:** Cells were exposed to 0.3 mM ZnO NPs for 18 hours and stained with MitoSOX™ Red and anti-HLA-ABC-FITC-labeled antibody. Cells exposed to antimycin A served as the positive control (red), while negative control cells were not exposed to NPs. Using this staining scheme, mitochondrial superoxide-positive cells stained red, all cells stained green, and double positive cells stained orange.\
**Abbreviations:** NP, nanoparticle; DIC, differential interference contrast.](nsa-9-029Fig9){#f9-nsa-9-029}

![Intracellular concentration of total GSH, in response to exposure to differently charged (−30, −9, and +44 mV) ZnO NPs.\
**Notes:** Total GSH levels were measured at (**A**) 6 and (**B**) 18 hours after treatment with various ZnO NP concentrations. Whole-cell lysates from 1×10^6^ Jurkat cells were assayed for GSH using a commercial kinetic assay. Data were analyzed using repeated measures ANOVA, and statistical significance is denoted with an asterisk (*P*\<0.05), n=3.\
**Abbreviations:** GSH, glutathione; NP, nanoparticle; ANOVA, analysis of variance.](nsa-9-029Fig10){#f10-nsa-9-029}

![Cerium oxide NPs modulate ZnO NP-induced cell death.\
**Notes:** (**A**) Cytotoxicity effects of CeO~2~ NPs on cancerous Jurkat T cells when exposed to different concentrations of CeO~2~ NPs (−35 mV) for 24 hours. Cell viability was assessed using flow cytometry and PI staining (n=4, means ± standard error). Results were analyzed using repeated measures ANOVA, and no significant differences were detected (*P*\<0.05). Error bars are small and covered up by data symbols. (**B**) Effect of concurrent exposure of CeO~2~ and ZnO NPs on Jurkat cell viability. Jurkat cells were exposed to 0.25 mM of differently charged ZnO NPs (−30, −9, and +44 mV) and different concentrations of CeO~2~ NPs (0, 0.5, 1, and 1.5 mM; −35 mV), and cell viability was determined using flow cytometry and PI staining (means ± standard error of the mean, n=3). Results were analyzed with two-way ANOVA, and asterisks denote statistical significance (*P*\<0.05).\
**Abbreviations:** NP, nanoparticle; PI, propidium iodide; ANOVA, analysis of variance.](nsa-9-029Fig11){#f11-nsa-9-029}

![Reduction in ZnO NP-induced mitochondrial superoxide generation by differently charged (−35, −10, and +9 mV) CeO~2~ NPs.\
**Notes:** Mitochondrial superoxide generation in Jurkat cells was evaluated at 24 hours following concurrent exposure to ZnO (0.2 mM; −9 mV) and variously charged CeO~2~ NPs (1 mM) using flow cytometry and MitoSOX™ Red staining. Results were analyzed using ANOVA, and statistical significance (*P*\<0.05) was observed between all CeO~2~ plus ZnO NP treatment groups and ZnO NP only treated samples, n=3.\
**Abbreviations:** NP, nanoparticle; ANOVA, analysis of variance; NT, not treated.](nsa-9-029Fig12){#f12-nsa-9-029}

###### 

The zeta potential, average particle size estimated by XRD and TEM, and the atomic ratio of C to Zn (based on XPS data) of the ZnO NP samples made with different amounts of PAA

  Samples   PAA amount (mg)   Zeta potential (mV)   XRD size (nm)   TEM size (nm)   C/Zn atomic ratio at the particle surface
  --------- ----------------- --------------------- --------------- --------------- -------------------------------------------
  1         0                 +44.2                 8.2             8.3             0.166
  2         30                −9.9                  8.4             8.5             0.301
  3         60                −30.9                 8.4             8.5             0.367

**Abbreviations:** XRD, X-ray diffraction; TEM, transmission electron microscopy; XPS, X-ray photoelectron spectroscopy; NP, nanoparticle; PAA, polyacrylic acid.

###### 

ZnO NP IC~50~

  NP charge         Cell type   IC~50~ (mM)
  ----------------- ----------- -------------
  +44 mV NP         Jurkat      0.47±0.05
  Hut-78            0.31±0.06   
  Primary T cells   4.30±0.30   
  −9 mV NP          Jurkat      0.23±0.03
  Hut-78            0.25±0.01   
  Primary T cells   0.85±0.08   
  −30 mV NP         Jurkat      0.15±0.01
  Hut-78            0.25±0.02   
  Primary T cells   0.52±0.08   

**Note:** Data are presented as mean ± standard deviation.

**Abbreviations:** NP, nanoparticle; IC~50~, inhibitory concentration 50%.

###### 

The zeta potential and the average particle size estimated by XRD of the CeO~2~ NP samples

  Samples   Zeta potential (mV)   XRD size (nm)   TEM size (nm)
  --------- --------------------- --------------- ---------------
  1         9.3±0.64              5.4±0.10        3.9±0.46
  2         −9.7±0.44             6.3±0.10        5.03±0.63
  3         −35±0.72              4.7±0.15        3.8±0.33

**Note:** Data are presented as mean ± standard deviation.

**Abbreviations:** XRD, X-ray diffraction; NP, nanoparticle; TEM, transmission electron microscopy.
